Purpose Recent reports indicate that histamine and its novel, high-affinity histamine H 4 receptor (H 4 R) play a role in carcinogenesis, and thus H 4 R signalling has become a focus of increasing interest in the pathogenesis of many cancers. The roles of H 4 R in oral epithelial dysplasia (OED) and oral tongue squamous cell carcinoma (OTSCC) are unknown. The purpose of this study was to assess H 4 R expression in OTSCC patients and in OTSCC-derived cell lines. Methods Biopsies taken from OED, OTSCC and healthy oral mucosa were studied by immunostaining. Primary human oral keratinocytes (HOKs) and two OTSCC-derived cell lines (HSC-3 and SCC-25) were used for the in vitro studies.
Introduction
Cancer is a major cause of mortality and accounted for more than 500,000 deaths in the United States in 2015 [1] . Oral cancer is the most common form of head and neck cancer and the 11th most common cancer in the world with a high mortality rate due to late diagnoses and early metastases [2, 3] . Among oral cancers, oral tongue squamous cell carcinoma (OTSCC) is the most frequent type and it has high metastatic and invasive propensities [4, 5] . Uncontrolled cell proliferation is one of the major molecular processes in tumour development and, therefore, the identification of molecular targets that could inhibit, halt or arrest proliferation would be advantageous [3] [4] [5] .
Histamine [2-(4-imidazolyl) -ethylamine] is a pleiotropic biogenic amine that has been shown to mediate different pathophysiological mechanisms, including the proliferation of various normal and malignant cells [6] [7] [8] [9] [10] . It is noteworthy that many cancer-derived cell lines and primary human neoplasias exhibit deranged levels of histamine and its synthesizing enzyme, L-histidine decarboxylase (HDC) [6, [10] [11] [12] . Recently, we reported that oral keratinocytes can synthesize and release histamine, in a biphasic manner, to regulate diverse responses in the oral mucosa [13] . We also showed that histamine metabolism is deranged in oral lichen planus (OLP), which is regarded as a potentially malignant lesion. Histamine exerts its physiological and pathological effects by binding to four distinct G protein-coupled histamine receptors (H 1 R, H 2 R, H 3 R and H 4 R). Of these receptor subtypes, H 1 R and H 2 R have been frequently studied in a variety of tumour cells and tissues [10, 14] . However, the expression and distribution of the most recently discovered family member, H 4 R, and its role in OTSCC is still largely unknown.
The discovery of H 4 R at the turn of the millennium, and its varying levels of expression within a wide range of tissues, including tumours, have paved the way for novel perspectives in histamine research [15, 16] . In fact, H 4 R is about 10,000-fold more sensitive to histamine effects compared to the classical H 1 R and H 2 R, and it has been reported as a crucial player in cancer [17] [18] [19] . In addition to hematopoietic and immune cells, H 4 R is also expressed in oral epithelial cells where it has been found to exhibit a uniform staining pattern [20] . Interestingly, H 4 R and its ligand, histamine, were found to modulate the proliferation of a breast cancer cell line [17] . Furthermore, H 4 R has been implicated in lung, pancreatic, ovarian and colon cancers, which signifies H 4 R as a potential target in cancer therapy [21, 22] . Owing to its immunomodulatory characteristics and involvement in the growth and progression of many neoplasias, H 4 R seems to be one of the most promising histamine receptor-subtypes that might be used as a molecular therapeutic target in cancer management [23] . In fact, mast cells are important players in the tumour microenvironment and they have been suggested -being a rich source of histamine -as potent regulators of H 4 R [20, 24] . In addition to histamine, mast cells also release inflammatory cytokines such as IL-17A, which has been implicated in the progression of OTSCC [25] .
Environmental factors can also affect histamine metabolism. Previously, we have already shown that oral microbiota, via bacterial lipopolysaccharides (LPS), can affect HDC levels and stimulate the release of histamine from oral epithelial cells [13] . The present study was undertaken to characterize H 4 R in oral epithelial dysplasia (OED), OTSCC tissue samples and in two OTSCC-derived cell lines. In addition, the effects of mast cell-derived mediators, such as histamine, IL-17A, mast cell releasate (MCR) and bacterial LPS on H 4 R expression in OTSCC were studied.
Materials and methods

Patients
Paraffin-embedded oral mucosal biopsies were taken from patients whom had been diagnosed with OED (n = 17) or OTSCC (n = 30) in addition to oral biopsies from healthy donors (n = 17) that were obtained from the Oulu University hospital. OED samples were diagnosed as moderate dysplasia (dysplasia moderata). OTSCC samples were histopathologically graded according to a three-tier grading scheme as follows: 1) grade I, or low-grade tumour, where the majority of cells are well-differentiated; 2) grade II, or intermediate-grade, tumour where tissues are dominated by moderatelydifferentiated cells; 3) grade III, or high-grade tumour, which is characterized by poorly-differentiated cancer cells. The use of patient samples was approved by the ethics committee of Oulu university hospital. The clinical and pathological characteristics of the patients are listed in Table 1 .
Immunohistochemical staining
Tissue sections (5 μm) that were obtained from OED and OTSCC patients and from healthy controls, were treated as described in our recent study [26] . The slides were incubated overnight in 1) 1 μg/ml rabbit anti-human polyclonal H 4 R antibody (LifeSpan Biosciences Inc., Seattle, WA, USA) and 1 μg/ml rabbit anti-human monoclonal mast cell tryptase antibody (Abcam, Cambridge, UK) at +4°C; 2) biotin-conjugated secondary antibodies (Vector Laboratories; 1:200) for 1 h; 3) avidin-biotinperoxidase complex (Vector Laboratories; 1:200) for 1 h; 4) diaminobenzidine tetrahydrochloride for 10 min. Counterstaining of the slides was performed using hematoxylin after which they were mounted in Mountex (HistoLab, Gothenburg, Sweden).
Immunofluorescence staining of cultured cells
The HOKs and HSC-3 cell line cells were cultured on coverslips, washed in PBS and fixed with 4% paraformaldehyde for 30 min. The cells were then permeabilized with 0.5% Triton X-100 in PBS for 10 min. The background was blocked with 1% bovine serum albumin (BSA) in PBS. The cells were incubated at +4°C overnight with 1 μg/ml rabbit polyclonal antibody raised against human H 4 R (LifeSpan Biosciences Inc., Seattle, WA, USA). The cells were then incubated with goat anti-rabbit secondary antibodies conjugated with Alexa Fluor 488 (1:200, Invitrogen, Carlsbad, CA, USA) for 1 h, diamidino-2-phenylindole (DAPI; Sigma, Steinheim, Germany) and Alexa Fluor-568 Phalloidin for 10 min at RT. Finally, the cells were mounted with ProLong® Gold Antifade Mountant (Thermo Fisher Scientific, MA, USA).
Cell cultures
Primary normal HOKs (ScienCell, Uppsala, Sweden) and two oral cancer-derived cell lines were used in this study. The HOKs were cultured in oral keratinocyte medium (ScienCell, Uppsala, Sweden). The highly-invasive human tongue squamous cell carcinoma HSC-3 cell line (JCRB Cell Bank; Osaka National Institute of Health Sciences, Osaka, Japan) and the relatively less-invasive tongue squamous cell carcinoma SCC-25 cell line (ATCC, Rockville, MD, USA) were cultured in Dulbecco's Modified Eagle medium with Nutrient Mixture F-12 Medium, 10% foetal bovine serum, penicillin-streptomycin, and 0.1% hydrocortisone (Life Technologies, Grand Island, NY, USA). Confluent cells were detached, counted and plated in cell culture well-plates (BD Falcon, Lawrence, KS, USA).
Stimulation of cultured HOK cells
To explore the putative role of mast cell-derived mediators and LPS in oral carcinogenesis, the HOKs were incubated at a density of~100 × 10 3 cells per ml for 24 h with: 1) 90 μg/ ml MCR (supernatant from activated mast cells). Mast cells were obtained as described in [27] . The MCR was prepared as follows: At week 9 of culture, MCs at a concentration of 2 × 10 6 MCs/ml were activated by 1 μM calcium ionophore A21387 (Sigma-Aldrich) in DPBS. After 30 min of incubation, the MCs were sedimented and the MCR was collected and stored at −80°C until further analysis; 2) 100 ng/ml IL-17A (R&D Systems, MN, USA); 3) 50 μM histamine (SigmaAldrich, MO, USA); 4) 100 ng/ml recombinant human lipopolysaccharide-binding protein (rhLBP; R&D Systems, Inc., MN, USA) combined with 100 ng/ml E.coli ultrapurelipopolysaccharide (LPS-EB Ultrapure; Invivogen, CA, USA). Pilot experiments were conducted to determine the optimal time slots and concentrations.
RNA isolation and quantitative real-time polymerase chain reaction [qRT-PCR]
Total RNA was purified from controls and stimulated HOKs, HSC-3 and SCC-25 cells by using a RNeasy Mini-Kit (Qiagen GmbH, Düsseldorf, Germany). QRT-PCR was performed by utilizing a SuperScript® FirstStrand Synthesis System: 2 μl of cDNA from purified RNA and 250 nM primers in iQ SYBR® Green supermix or in SsoAdvanced Universal SYBR® Green Supermix (Bio-Rad Laboratories Inc.). Primers were synthesized in the core facilities of the University of Helsinki. Sequences of the used primers are listed in Table 2 .
Imaging and image analysis
A Leica DM6000 microscope (Leica Microsystems, Wetzlar, Germany) was used for imaging the immunostained samples. Representative figures of each immunostaining were selected and presented in the results. Image analysis was performed by ImageJ software (version 1.47; National Institute of Health, Bethesda, MD, USA), which measured the relative intensity of antigen expression in healthy, OED and OTSCC samples.
Statistical analyses
Statistical analyses were performed using SPSS software programme version 21.0 (IBM SPSS Statistics, SPSS Inc., Chicago, IL, USA). The Student's t test and the One-way Analysis of Variance (ANOVA) followed by Tukey's multiple comparison post-hoc test were used. Data are presented as means ± standard deviation. P values < 0.05 were considered to be statistically significant.
Results and discussion
To the best of our knowledge, this is the first study aimed at shedding light on H 4 R expression and distribution in OTSCC in relation to its microenvironment. The expression and distribution of H 4 R in human oral epithelium have recently been established, and H 4 R was found to exhibit a uniform pattern in all epithelial layers, except for the actively dividing H 4 R − basal cell layer [20, 28] . First, we found that H 4 R was deranged and shifted up towards the spinous [prickle] and granular cell layers in OED (Fig. 1a) . Such a finding is consistent with our previous report, which showed that H 4 R immunoexpression was downregulated in an oral premalignant lesion, OLP [20] .
Interestingly, we found that the H 4 R protein staining was reduced in OTSCC in a seemingly grade-dependent manner (Fig. 1b and c) . Indeed, compared with the strong and uniform pattern observed for the normal oral epithelium, the H 4 R expression in all the pathological grades of OTSCC was found to be considerably weaker. The staining intensity for H 4 R clearly decreased with increasing cancer grade. We found that grade I samples showed a H 4 R − zone at the basal, suprabasal and parts of the spinous layers, below weak and irregularly stained upper epithelial cells. In grade II samples, H 4 R staining was found to be markedly weaker in all the epithelial layers and was seen as scarce scattered spots, which were difficult to detect in grade III samples. The prognostic value of histopathological grading remains controversial in many tumour types. However, histopathological grading of cancer samples when properly performed, as in breast cancer, could be considered as a simple, affordable and reliable method to interpret tumour behaviour and patient prognosis [29] . In this regard, it is interesting that the low expression of H 4 R was also reported in colorectal carcinomas [22, 30] , breast cancer cell lines [31] and in gastric carcinomas, where H 4 R was negatively associated with higher tumor grades [32] . Noteworthy, H 4 R activation has been found to induce cell cycle arrest in several cell lines. For example, H 4 Ragonist induced cell growth arrest at the G0/G1 phase followed by apoptosis in breast cancer cells, colon cancer cells and human hematopoietic progenitor cells [10, 22, 33] . In this context, the immunostaining of HOKs revealed positive expression of the receptor in most cells, compared with very little or no H 4 R immunoreactivity in HSC-3 cells (Fig. 2a) . The SCC-25 cells showed an inconsistent staining pattern (not shown). This finding was also supported by the low H 4 R and HDC mRNA levels in cancer cell lines (Fig. 2b) . Such a low H 4 R profile in cancer cells could in part be related to its Bpro-apoptotic^effect as it interferes with their unlimited proliferative capacity, and thus they could Bskip^growth inhibition and subsequent apoptosis. This assumption is also supported by the attenuated expression of the H 4 R protein and also of the HRH4 gene Table 2 Human primers used for quantitative real-time PCR
Gene
Forward Reverse HRH4 5′-TGG AAG CGT GAT CAT CTC AG-3' 5′-ATA TGG AGC CCA GCA AAC AG-3' HDC 5′-TTG ATT GCC CTG CTG GCA GC-3′ 5′-TGC ACA GAC AAA GAC GGG CAC C-3′ EGF 5′-ATG CGG TTG TTC CTC ACC CG-3′ 5′-GCT GGC TGA GCA GAG TTC CA-3′ EGFR 5′-CTC TTC GGG GAG CAG CGA T-3' 5′-AAA GTG CCC AAC TGC GTG AG-3′ Bcl-2 5′-CGC GAC TCC TGA TTC ATT GG-3' 5′-TGC ATA AGG CAA CGA TCC CA-3′ Bcl-xL 5′-GAT CCC CAT GGC AGC AGT AAA GCA AG-3′ 5′-CCC CAT CCC GGA AGA GTT CAT TCA CT-3′ GAPDH 5′-AAG GTC ATC CCT GAG CTG AA-3′ 5′-TGC TGT AGC CAA ATT CGT TG-3′ RPLP0 5′-GGC GAC CTG GAA GTC CAA CT-3′ 5′-CCA TCA GCA CCA CAG CCT TC-3′ HRH4, human histamine H 4 receptor; HDC, histidine decarboxylase; EGF, epidermal growth factor; EGFR, epidermal growth factor receptor;
Bcl-2, B-cell lymphoma 2; Bcl-xL, B-cell lymphoma extra-large; RPLP0, Ribosomal protein, large, P0; GAPDH, glyceraldehyde 3-phosphate dehydrogenase Fig. 1 Deranged H 4 R staining patterns are observed in oral epithelial dysplasia (OED) and oral tongue squamous cell carcinoma (OTSCC). a Immunostained sections from patients with OED show a H 4 R − area at the basal and adjoining suprabasal epithelial cell layers. The upper spinous and granular cell layers are moderately-stained compared to the stronglypositive epithelium in healthy controls. b H 4 R is inversely associated with the histopathological grade of OTSCC. In grade I samples, the H 4 R − zone is seen at the basal and suprabasal cells and parts of the spinous layers, under faint and irregularly-stained upper epithelial layers (p = 0.002). In grade II samples, the H 4 R protein is markedly weakened in all epithelial layers and it presents as somewhat scattered spots (p = 0.005), until they are difficult to discern in the grade III samples (p < 0.001). c H 4 R staining intensity was analysed by ImageJ software. All p-values are derived from the Student's t test and One-way Analysis of Variance followed by Tukey's post-hoc test (for OTSCC, n = 30; for OED, n = 17; for healthy controls, n = 17) in the highly invasive, poorly-differentiated, cancer cell line HSC-3. It is, therefore, conceivable that H 4 R expression in cancer tissue is perhaps related to the degree of cancer cell differentiation and tumour progression [22, 31] .
The microenvironment of the tumour is comprised of a wide variety of cells, signalling molecules and extracellular matrix, which are closely related and persistently interact and influence tumour initiation and perpetuation. [24] . Mast cells are distinguished by their secretory granules that contain a plethora of potent inflammatory constituents, such as histamine. Micromolar histamine has been shown to downregulate HRH4 gene expression in oral epithelial cells [20] . This raises the hypothesis that the low expression of H 4 R in OTSCC might have resulted from an inhibitory feedback effect of Bburst-released^histamine from local mast cells. Therefore, we assessed the distribution of mast cells in tissue samples of OED and OTSCC by tryptase staining. Only a few mast cells were detected in healthy controls, but a marked rise in mast cell numbers was observed in the lamina propria and subepithelial connective tissue in OTSCC samples, whereas a moderate increase in mast cell numbers was found in OED (Fig. 3a) . Granular staining by tryptase, at the close peri-cellular vicinity, was also noticeable in advanced grade OTSCC samples (Fig. 3a,  grade III) . The mast cells number was increased in tissues surrounding OTSCC, therefore we explored the effects of mast cell derived mediators on HRH4 and HDC gene expression. The HOKs were incubated with mast cell derived mediators. Our findings showed that MCR downregulated HRH4 and HDC gene transcripts in the HOKs, while IL-17A did not have an effect on the transcriptional profile of either gene (Fig. 3b) . The HDC protein is, however, expressed in the HOKs in addition to most other studied cancer cell lines in which histamine is released via organic cation transporters in autocrine and paracrine modes [10, 13] . Gene analysis assays were performed to ascertain whether mast cell or bacterial derived components influence the expression of oncogenes in the HOKs (Fig. 4 ; EGF, epidermal growth factor; EGFR, epidermal growth factor receptor; Bcl-2, B-cell lymphoma 2; Bcl-xL, B-cell lymphoma extra-large). IL-17 can be found in mast cells, and has been implicated in the pathogenesis of several tumours. It has also recently been reported to be a strong promoter of invasion and progression in OTSCC [25] . We found that IL-17A, similarly to MCR, upregulated the expression of EGF and EGFR, which are associated with oral carcinogenesis [34] . On the other hand, MCR and histamine were found to downregulate Bcl-2, whereas Bcl-xL gene expression was found to be reduced by MCR only. However, both genes were found to be overexpressed in OTSCC, which suggest that factors, other than those derived from mast cells, are participating in oncogene regulation [34, 35] . It is worth remembering that oral cancer develops in a tissue that is continuously exposed to microbiota, thus bacteria and flora of the oral econiche could participate in the process of carcinogenesis [36] . Kurago et al. showed that LPS, as a model of microbial contamination, has the potential to contribute to oral cancer progression [37] . Moreover, LPS has been suggested to be a regulator of histamine metabolism, and it has been shown to induce histamine production by human keratinocytes [13, 38] . Interestingly, our present results show that bacterial LPS induces the expression of the EGFR oncogene in HOKs. The mechanisms governing oncogene regulation by LPS in OTSCC awaits elucidated in future research.
Taken together, our findings indicate that H 4 R expression is altered in OED and manifests a grade-dependent decrease in OTSCC. This finding may indicate a possible inverse association between H 4 R, tumour development and prognostic outcome. Furthermore, our results suggest that histamine metabolism plays a role in oral carcinogenesis. This study has, however, some limitations including a relatively small sample size and a lack of follow-up data for determining a possible prognostic value of H 4 R staining. Further studies are warranted to better understand the role of H 4 R in OTSCC, and whether it may represent a novel biomarker or therapeutic target in oral cancer. 
